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Abstract 
 
 
Many molecules have unique absorption spectra due to the vibrational characteristics of molecular 
bondings such as C-H, N-H, O-H, C-C, N-O, and C=O. The absorption spectrum is located in the 
mid-infrared (mid-IR) range including wavelengths from 2 µm to 10 µm. Since a molecule can be 
detected through an analysis of its absorption spectrum, it is very important to develop photonic 
sensors, especially waveguide-based sensors, operating in the mid-IR. Recently, there have been 
many researches on waveguide-based sensors made of a silicon-on-insulator (SOI) wafer. However, 
SOI substrates are not suitable for photonic waveguides in the wide mid-IR since SiO2 strongly 
absorbs light with a wavelength longer than 3.6 µm. To overcome this limitation, diverse photonic 
waveguides in the mid-IR have been demonstrated. 
In this thesis, a bulk-silicon-based photonic waveguide is theoretically and experimentally studied. 
It is made of a bulk-silicon wafer by using a simple fabrication process. Light is guided through a strip 
with an inverted-triangular cross-section, which is supported on a bulk-silicon wafer. The bulk-
silicon-based photonic waveguide can be used in the wide mid-IR because of no use of SiO2, and 
photonic sensors based on it can be realized at a low cost. After brief explanation of the background 
of this work, the fabrication process of the waveguide is explained. Then, the bulk-silicon-based 
photonic waveguide is designed and theoretically analyzed. Next, the realized bulk-silicon-based 
photonic waveguide is experimentally investigated. The measured propagation loss of the fabricated 
waveguide at a wavelength of 1550 nm is 4 dB/cm. This waveguide would be useful as a chemical 
sensor, which can be realized with a low cost. 
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Chapter 1 
 
Introduction 
 
In this chapter, the importance of the mid-infrared (mid-IR) wavelength range between 2 and 10 
µm is explained, and previous researches on the photonic waveguides operating in the mid-IR are 
briefly introduced. In addition, the advantages of the photonic waveguide which is studied in this 
thesis are explained, and the method of analyzing the waveguide is discussed. 
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1.1 Importance of the mid-infrared 
 
Currently, visible light and near-infrared (near-IR) light, which have wavelengths between 200 and 
1600 nm, have been mainly used for optical communications and optical sensing areas. Therefore, 
development of the optical technology related to this wavelength range has been matured. However, 
the mid-IR has not been actively used compared to the visible or the near-IR.  
Recently, photonic integrated circuits (PICs) in the mid-IR have attracted significant attention 
because of their potential for use in free-space communications and chemical sensing. The current 
bandwidth of optical communications in the near-IR can be extended by using free-space 
communications in the mid-IR, and this leads to a significant increase of the data transmission speed 
[1, 2]. In addition, the mid-IR is very appropriate for chemical or biochemical sensors since many 
molecules have unique absorption spectra in the mid-IR due to the vibrational characteristics 
molecular bondings such as C-H, N-H, O-H, C-C, N-O, C=O [3, 4]. Therefore, molecules can be 
detected through an analysis of their absorption spectra such that label-free sensing is possible [5, 6]. 
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1.2 Previous Si-based waveguides in the mid-infrared 
 
As mentioned above, it is very important to develop optical devices operating in the mid-IR. 
Particularly, PICs in the mid-IR, similar to electronic integrated-circuits, are required since they have 
small dimensions and they can be realized in quantity and at a low cost. Silicon is a good material for 
PICs in the mid-IR. It is transparent up to  = 8 µm, and PICs based on silicon can be realized using 
standard complementary metal-oxide-semiconductor (CMOS) technology. Therefore, many 
researches on silicon-based PICs in the mid-IR have been recently demonstrated. There are also 
different mid-IR devices based on a chalcogenide material, which is transparent in the mid-IR [7, 8]. 
However, different from silicon, chalcogenide is not compatible with a standard CMOS process. 
Recently, many researches which realize the silicon-based PIC operating in the mid-IR using 
silicon-on-insulator (SOI) substrate have been reported [9, 10]. 
 
 
Figure 1-1. Example of rib waveguides based on silicon-on-insulator for mid-infrared silicon photonics 
[9]. 
 
PIC using SOI substrate is suitable in operating in the near-IR. However, since the SiO2 has optical 
loss at λ>3.6 µm, it cannot operate in the whole mid-IR range and therefore it is not useful as the 
mid-IR device. To overcome this limitation, the researches on diverse photonic waveguides in the 
mid-IR have been reported. 
As one way, the photonic waveguide using silicon-on-sapphire (SOS) platform, which substitutes 
the insulator of SOI substrate with sapphire, was proposed [11-13]. 
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Figure 1-2. Example of silicon-on-sapphire waveguides for the mid-infrared [12]. (a) Device cross 
section. (b) Schematic of 1 cm × 1 cm chip layout. (c) SEM picture of fabricated device. (d) Higher 
magnification image of a bend with a radius of 10 µm. 
 
It has advantage that transparency in the mid-IR range is longer by using SOS substrate. However, 
it have disadvantages that the price of substrate is expensive and the transmittance of the sapphire is 
rapidly dropped where λ>5 µm. For this reason, the optical device using SOS substrate is impossible 
to the chemical detection of double-bond functional groups having the absorption spectrum between 
λ=5 µm and λ=8 µm like C=O, C=N, C=C. 
For another platform, The suspended membrane waveguide based on SOI substrate was proposed 
[14]. 
 
 
Figure 1-3. Example of suspended silicon waveguides for mid-infrared wavelength range [14]. (a) 
Suspended MIR waveguide structure. (b) SEM picture of the fabricated device. 
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In this structure, the absorption of SiO2 can be suppressed by removing SiO2. The SiO2 is etched by 
BOE solution through the side holes of waveguide. However, the price of SOI substrate is expensive. 
Since the holes of the waveguide should be far away enough not to affect the optical mode, it needs 
wide membrane width. So, the support is weak and the ridge is likely to be bent. 
Recently, the air-clad silicon waveguide using the bulk silicon substrate was proposed, which can 
be fabricated with a low cost because substrate price is cheap. The structure can eliminate the 
absorption of longer wavelengths by SiO2 [15]. It has a form of floating in the air with the pedestal 
and it can overcome the existing limitation. However, its fabrication process is complex. 
 
 
Figure 1-4. SEM image of the fabricated air-clad silicon pedestal mid-IR devices [15]. (a) Straight 
waveguides. (b) Magnified image. (c) Rotated at 45 º to inspect the waveguide sidewall. (d) Enlarged 
image. (e) Waveguide that has a paper clip shape with a radius of curvature of 50 µm. (f) Y-branch beam 
splitters. 
 
Therefore, in this thesis, we propose a bulk-silicon-based photonic waveguide to overcome the 
absorption by SiO2, which utilizes inverted triangle structure for broadband mid-IR devices. This 
waveguide has CMOS compatibility and hence possibility of mass production, and it can be realized 
with the simple process than previous silicon-based waveguides. First, we explain the fabrication 
process. Second, the bulk-silicon-based photonic waveguides, which operate in the mid-IR, are 
theoretically investigated, designed and analyzed. Finally, the realized bulk-silicon-based photonic 
waveguides, which can be used in the mid-infrared, are experimentally investigated. We measure the 
propagation loss of the fabricated waveguides at wavelength of 1550 nm, it is 4 dB/cm. This 
waveguide would be useful as a chemical sensor, which can be realized with a low cost. 
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1.3 Waveguide analysis 
 
To analyze photonic waveguides, FIMMWAVE based on finite element method (FEM) which is 
used as a mode solver and FIMMPROP were utilized. 
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Chapter 2 
 
Bulk-Silicon-Based Photonic Waveguide in the Mid-Infrared 
 
In this chapter, the bulk-silicon-based photonic waveguide in the mid-IR is proposed and 
theoretically investigated. First, the fabrication process of the photonic waveguide is explained. And 
the photonic waveguide is designed so that the modes would be well-guided by changing the 
waveguide parameter. For the structural characteristics of the photonic waveguide, the mode guided at 
the structure of inverted triangle has a possibility to be radiated toward the bulk silicon substrate 
through the silicon pillar. To minimize such radiation, it needs to design the width and the height of 
the pillar with optimal condition. Then, the designed photonic waveguide is characterized. Finally, 
characteristics of the photonic waveguide are discussed. 
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2.1 Fabrication process and waveguide structure 
 
 
Figure 2-1. Fabrication scheme of bulk-silicon-based photonic waveguide. (a) A 250 nm thick oxide 
layer to be used as mask layer is deposited on the (100)-oriented silicon wafer using thermal oxidation. 
(b) Patterns of waveguide are formed by photolithography process. (c) Mask patterns of waveguide are 
formed by etching the 250 nm thick oxide layer using oxide RIE. (d) (100)-oriented bulk silicon 
substrate is etched with proper depth using DRIE. (e) Anisotropic wet etching is performed using KOH 
45 wt.% solution at 70 ºC. (f) Remaining mask is removed by buffered oxide etch (BOE) solution. 
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Figure 2-1 shows the detailed fabrication scheme of the photonic waveguide. To fabricate the 
photonic waveguide, the multistep process composed of oxide deposition, photolithography, dry 
etching and wet etching is used. At Step (a), a 250 nm thick oxide layer to be used as mask layer is 
deposited on the (100)-oriented silicon wafer using thermal oxidation. At Step (b), the patterns of 
waveguide are formed by photolithography process. The used photo resists (PR) is AZ5214. At Step 
(c), the mask patterns of waveguide are formed by etching the 250 nm thick oxide layer using oxide 
reactive ion etching (RIE). To perform removal of oxide, gas mixture composed of O2/CF4 was used. 
At Step (d), the (100)-oriented bulk silicon substrate is etched with proper depth using deep reactive 
ion etching (DRIE). Only the surface without the oxide mask pattern is removed. To perform 
removals of silicon selectively, gas mixture composed of C4F8/SF6 was used. At Step (e), the 
anisotropic wet etching is performed using KOH solution. Afterward, the desired silicon structure is 
obtained since etch rate is different depending on the orientation of silicon crystal [16]. Since the 
mask pattern can be etched by KOH solution if the photo resist like AZ5214 is used as mask layer, the 
250 nm thick oxide layer is used as mask layer. Finally, at Step (f), the remaining mask is removed by 
buffered oxide etch (BOE) solution. 
 
 
Figure 2-2. Cross-sectional structure of bulk-silicon-based photonic waveguide. 
 
In Figure 2-2, cross-sectional structure of the photonic waveguide is shown. The structural 
parameters of the waveguide are defined: core width is ws; core height is hs; pillar width is wp; pillar 
height is hp. These four parameters determine the performance of the waveguide and they can be 
modified by changing associated pattern design or by controlling the etching depth of dry etching and 
the time of wet etching. In other words, if the etch rate of wet etching according to the orientation of 
silicon crystal and the etching angle are known and the three independent design parameters of core 
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width ws, pillar width wp and pillar height hp are determined, the dependent fabrication parameters of 
the etching depth hDRIE, which should be obtained by dry etching and wet etching time tetch can be 
expected. The expected etching depth hDRIE and wet etching time tetch can be obtained through Eq. (1), 
(2). 
 
ℎ𝐷𝑅𝐼𝐸 = ℎ𝑝 + [𝑡𝑒𝑡𝑐ℎ × r→ −
𝑡𝑒𝑡𝑐ℎ×r↘
sin(54.74)
+
1
2
(𝑤𝑐 − 𝑤𝑝) tan(54.74)].   (1) 
𝑡𝑒𝑡𝑐ℎ =
1
2
𝑤𝑠−𝑤𝑝
r→
.   (2) 
 
If the silicon is etched with KOH 34.0 wt.% solution at 70.9 ºC, the etch rates are as follows: (100) 
direction: 0.629 µm/min; (110) direction: 1.292 µm/min; (111) direction: 0.009 µm/min. The silicon 
structure with inverted triangle is etched with the angle of 54.74 º [17]. Therefore, if the independent 
design parameters of core width ws, pillar width wp, and pillar height hp are determined according to 
the characteristics of the photonic waveguide, the dependent fabrication parameters of hDRIE and tetch 
can be obtained. 
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2.2 Design of the photonic waveguide 
 
For the simulation of photonic waveguides, FIMMWAVE based on FEM which is used as a mode 
solver was utilized. The wavelength of light source was fixed at 3.7 µm. The relative index of the 
silicon is 3.4245. The silicon structure of the inverted triangle plays a role as core of the photonic 
waveguide. Therefore, if the core width ws becomes appropriately wider, the guided mode is well-
confined at the silicon structure of the inverted triangle. Considering the efficient coupling between 
light source and the photonic waveguide, core width ws was fixed at 6 µm. In the structural 
characteristics of the photonic waveguide, the mode guided through the silicon structure of inverted 
triangle can be radiated toward the bulk silicon substrate via the silicon pillar. To minimize such 
radiation, the optimization of the pillar width wp and the pillar height hp is needed. 
 
 
Figure 2-3. (a) Cross-sectional structure of photonic waveguide, where core width ws is 6 µm, core 
height hs is 2.8 µm, pillar width wp is 2 µm and pillar height hp is 0 µm. (b) Electric field profile for 
fundamental mode of photonic waveguide. 
 
Figure 2-3(a) shows cross-sectional structure of photonic waveguide, where the core width ws is 6 
µm, the pillar width wp is 2 µm and the pillar height hp is 0 µm. By the etching angle of 54.74 º, the 
core height hs can be expected as 2.8 µm. The electric field profile for a fundamental mode of the 
photonic waveguide is shown in Figure 2-3(b). As shown in the Figure 2-3(b), the mode is radiated 
toward the bulk silicon substrate via the silicon pillar. The calculated effective index of fundamental 
transverse-electric (TE) mode is 3.3495 − j1.931 × 10−3. The imaginary part of the effective index 
can explain the propagation loss of the waveguide, for which the propagation loss of the photonic 
waveguide is 285 dB/cm. 
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Figure 2-4. (a) Cross-sectional structure of photonic waveguide where core width ws is 6 µm, core height 
hs is 3.5 µm, pillar width wp is 1 µm and pillar height hp is 3 µm. (b) Electric field profile for 
fundamental mode of photonic waveguide. 
 
Figure 2-4(a) shows cross-sectional structure of photonic waveguide where the core width ws is 6 
µm, the core height wp is 3.5 µm, the pillar width wp is 1 µm and the pillar height hp is 3 µm. Figure 2-
4(b) shows the electric field profile for a fundamental mode of the photonic waveguide. In this case, it 
can be seen that the mode is well-guided without the radiation of modes into the bulk silicon substrate. 
The fundamental mode is well-confined at the silicon structure of the inverted triangle. The calculated 
effective index of fundamental TE mode is 3.343. The fundamental mode can be propagated without 
loss. From this result, it can be expected the relation where the pillar width wp should be narrow as 
much as proper width and the pillar height hp should be high as much as proper height. 
 
 
Figure 2-5. (a) Imaginary part of effective index of fundamental TE mode calculated according to the 
pillar height hp by fixing the pillar width wp to 1 µm. (b) Imaginary part of effective index of 
fundamental TM mode. 
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Figure 2-5(a), (b) shows the imaginary part of effective index of fundamental mode calculated 
according to the pillar height hp by fixing the pillar width wp to 1 µm. As shown in the Figure 2-5(a), 
(b), if the pillar height hp is higher than 2 µm, the imaginary part of fundamental mode converges to 
zero. The results of calculating the relation between the optimal pillar width and optimal pillar height 
that the imaginary part of fundamental mode has zero are shown in Figure 2-6. 
 
 
Figure 2-6. Relation between the optimal pillar width and optimal pillar height that the imaginary part 
effective index of fundamental mode has zero. 
 
In this case, the fundamental modes are well-guided without the radiation of modes into the bulk 
silicon substrate. From this result, it can be seen that the optimal pillar condition is wp=0.5 µm and 
hp= 1.3 µm. Finally, the determined design parameters are as follows: core width ws is 6 µm; core 
height hs is 3.9 µm; pillar width wp is 0.5 µm; pillar height hp is 1.3 µm. Therefore, the fabrication 
parameters of dry etching depth hDRIE and the wet etching time tetch are 9 µm and 170 sec, respectively. 
They can be obtained through the Eq. (1), (2). 
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2.3 Characteristics of the designed photonic waveguide 
 
The intensity profiles for fundamental mode of designed photonic waveguide are shown in Figure 
2-7. In the Figure 2-7, it shows that the fundamental mode is well-confined at the silicon structure of 
the inverted triangle. Figure 2-7(a) shows the intensity profile of fundamental TE mode. Figure 2-7(b) 
shows the intensity profile of fundamental transverse-magnetic (TM) mode. The calculated effective 
index of fundamental TE mode is 3.344 and the calculated effective index of fundamental TM mode 
is 3.341. 
 
 
Figure 2-7. Intensity profiles for fundamental mode of designed photonic waveguide. (a) Intensity profile of 
fundamental TE mode. (b) Intensity profile of fundamental TM mode. 
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Figure 2-8. Intensity profiles for higher-order mode of designed photonic waveguide. (a) Intensity profile of 
TE10 mode. (b) Intensity profile of TE01 mode. (c) Intensity profile of TE20 mode. (d) Intensity profile of 
TE11 mode. (e) Intensity profile of TM10 mode. (f) Intensity profile of TM01 mode. (g) Intensity profile of 
TM20 mode. (h) Intensity profile of TM11 mode. 
 
Mode Effective index Mode Effective index 
TE10 3.24 − j4.82 × 10−10 TM10 3.24 
TE01 3.22 TM01 3.22 − j7 × 10−8 
TE20 3.11 − j3.349 × 10−10 TM20 3.1 − j2.68 × 10−7 
TE11 3.07 − j4.088 × 10−7 TM11 3.06 − j1.73 × 10−9 
Table 1. Effective index of higher-order modes of designed photonic waveguide. 
 
In addition, as shown in Figure 2-8, there are also other higher-order modes. The effective indices 
of these modes are shown in Table. 1. 
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Chapter 3 
 
Realization of the Photonic Waveguides 
 
In the previous chapter, the overall fabrication process and the fabrication parameter to fabricate the 
designed photonic waveguide is investigated. In this chapter, the photonic waveguide designed in the 
previous chapter is realized based on the fabrication parameter obtained in the previous chapter. And 
the matters to be handles with care in the fabrication process are explained. Finally, the fabrication 
results are discussed. 
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3.1 Sidewall roughness induced by wet etching 
 
To fabricate the designed photonic waveguide, the anisotropic wet etching is used. Therefore, there 
is a possibility that the sidewall roughness of the waveguide silicon core may be induced by the wet 
etching process. The sidewall roughness induced by the wet etching process makes light scattering 
when light is propagated along the photonic waveguide. As a result, all of light is radiated. Therefore, 
since it affects the waveguide performance, it is very important to reduce the sidewall roughness. Here, 
how to reduce the sidewall roughness induced by the wet etching process is explained. 
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3.1.1 Improvement of the wet etching condition 
 
To reduce the sidewall roughness induced by the wet etching process, there is a way that the 
isopropyl alcohol (IPA) is mixed with KOH solution [18]. According to the literature, there is the 
mixing ratio of the KOH + IPA solution ensuring good surface quality. In Figure 3-1, the IPA 
concentration required according to KOH concentration for ensuring good surface quality is shown. 
 
 
Figure 3-1. IPA concentration required according to KOH concentration for ensuring good surface 
quality. 
 
In this fabrication process, the solution mixed with KOH 45 wt.% + IPA 2 wt.% was used. 
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3.1.2 Reduction of the sidewall roughness by oxidation process 
 
After fabrication of the designed photonic waveguide, the sidewall roughness can be reduced by 
using thermal oxidation process. Figure 3-2(a) shows the scanning electron microscopy (SEM) images 
for sidewall roughness of the fabricated photonic waveguide before thermal oxidation process. Figure 
3-2(b) shows the result of performing the dry oxidation at 1000 ºC for 2 hours. As shown in the Figure 
3-2, it can be seen that the sidewall roughness is reduced. 
 
 
Figure 3-2. SEM images for sidewall roughness of fabricated photonic waveguides. (a) Before thermal 
oxidation process. (b) After thermal oxidation process. 
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3.2 Actual waveguide structure used to improve mechanical stability 
 
If the pillar width wp is too narrow and the pillar height hp is too high in the photonic waveguide, 
the mechanical stability is poor. For this case, there is a possibility that the silicon structure of the 
inverted triangle can be torn out when cleaving the photonic waveguide for measuring waveguide 
performance with cut back method. To prevent that, the core width ws is increased from 6 µm to 8 µm 
gradually through tapering region of 100 µm length. Figure 3-3(a) shows the top view of overall 
structure of mid-IR device. Figure 3-3(b), (c) show the cross-sectional structures of the input 
waveguide or output waveguide and photonic waveguide, respectively. Since the core width is wide, 
differently from the structure of the photonic waveguide, the structures of input waveguide or output 
waveguide without pillar are obtained as shown in Figure 3-3.(b). 
 
 
Figure 3-3. (a) Top view of overall structure of mid-IR device. (b) Cross-sectional structure of input 
waveguide or output waveguide. (c) Cross-sectional structure of photonic waveguide. 
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3.3 Fabrication results 
 
 
 
Figure 3-4. SEM images for cross-section of fabricated mid-IR devices. (a) Cross-section of fabricated 
input waveguide or output waveguide. (b) Cross-section of fabricated photonic waveguide. 
 
Figure 3-4 shows the SEM images for cross-section of fabricated mid-IR devices. Figure 3-4(a) 
shows the SEM image for the cross-section of fabricated input waveguide or output waveguide. The 
core width Ws is 7.8 µm, the core height Hs is 3.8 µm and the pillar width Wp is 2.4 µm. Figure 3-4(b) 
shows the SEM image for the cross-section of fabricated photonic waveguide, in which the core width 
ws is 5.9µm, the core height hs is 4 µm and the pillar width wp is 0.4 µm. In the previous fabrication 
results, we obtained the photonic waveguide with narrow pillar width and high pillar height. In this 
measurement, we used the photonic waveguide, which almost does not have the pillar as shown the 
Figure 3-4(b). However, since the pillar width wp is very narrow as 0.4 µm, it can be expected that the 
fundamental mode is well-guided along the photonic waveguide without the radiation modes into the 
bulk silicon substrate. 
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Chapter 4 
 
Measurement of the Propagation Characteristics of the Photonic 
Waveguides 
 
First, the measure setup is explained. Then, the result of the measured propagation loss of the 
fabricated photonic waveguide using cut back method at the wavelength of 1550 nm is discussed. Due 
to absence of mid-IR source and detector in our laboratory, the measurement was performed for the 
wavelength of 1550 nm only. In addition, the coupling losses, which induced where light from the 
small-core fiber (SCF) is coupled to the input waveguide and the fundamental mode of the input 
waveguide is coupled to the fundamental mode of the photonic waveguide in the tapering region, can 
be extracted through the fiber-to-fiber insertion loss. Also, the fabricated photonic waveguide is 
theoretically investigated. Finally, the simulation results are discussed by comparing it with the 
experimental results. 
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4.1 Measurement setup 
 
 
Figure 4-1. Measurement setup to characterize the performance of fabricated photonic waveguides. 
 
Figure 4-1 shows the overall measurement setup. Light of the wavelength of 1550 nm from a 
tunable laser source (TLS) was launched into the input waveguide by using single mode fiber (SMF) 
and SCF. Before light was incident on the SCF, its polarization was adjusted to be TE or TM by using 
polarization controller (PC). The input waveguide was coupled with the photonic waveguide through 
the tapering region of 100 µm length. Again, light from the output waveguide was coupled to another 
SCF, which was connected to an photo detector (PD) allowing the measurement of insertion loss 
between the optical fibers. We measured the fiber-to-fiber insertion loss ILw of the combination of the 
input waveguide, the photonic waveguide and the output waveguide. 
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4.2 Propagation loss 
 
The propagation loss of the fabricated waveguide was measured using cut back method at λ=1550 
nm. The measured fiber-to-fiber insertion loss is shown in Figure 4-2(a). The photonic waveguide 
length lw was fabricated from 3 cm to 1 cm. The measured propagation loss was 4 dB/cm. Figure 4-
2(b) shows the mode image of the photonic waveguide with lw=2 cm, which was captured by IR-
camera. Differently from the simulation results calculated in previous chapter, it is expected that the 
measured large propagation loss may be caused by the sidewall roughness at the silicon core induced 
by the wet etching process. 
 
 
Figure 4-2. (a) Measured insertion loss from photonic waveguides with different relative length lw. (b) 
Mode image of photonic waveguide with lw=2 cm, which captured by IR-camera. 
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4.3 Calculation of the mode characteristics 
 
The fabricated photonic waveguide was simulated using FIMMWAVE based on FEM. The 
wavelength of the light was fixed at 1.55 µm. The relative index of the silicon is 3.476. The intensity 
profiles for fundamental TE mode and TM mode of the fabricated photonic waveguide are shown in 
Figure 4-3. 
 
 
Figure 4-3. (a) Intensity profile for fundamental TE mode of fabricated photonic waveguide. (b) 
Intensity profile for fundamental TM mode of fabricated photonic waveguide. 
 
It can be seen that the fundamental mode is well-confined at the silicon structure of the inverted 
triangle. The calculated effective index of fundamental TE mode is 3.46 − j3.9 × 10−10 and the 
calculated effective index of fundamental TM mode is 3.46 − j2.5 × 10−9. 
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Figure 4-4. (a) Structure of small-core fiber. (b) Intensity profile for single mode of small-core fiber. (c) 
Intensity profile for fundamental mode of input waveguide or output waveguide. 
 
Then, the loss of coupling between the SCF with mode field diameter of 3.3 µm and the input 
waveguide or output waveguide was calculated using FIMMPROP. Figure 4-4(a) shows the structure 
of SCF. The refractive index of a core and a cladding is 1.5871 and 1.4475, respectively. The intensity 
profile of single mode of SCF is shown in Figure 4-4(b). Figure 4-4(c) shows the intensity profile for 
the fundamental mode of the input waveguide or output waveguide. This optical fiber mode is 
coupled to the fundamental mode of the input waveguide. The coupling loss Lc was calculated as 2.72 
dB in case of TE mode and 3 dB in case of TM mode. 
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Figure 4-5. (a) Intensity profile of fundamental mode of input waveguide or output waveguide. (b) 
Intensity profile of fundamental mode of photonic waveguide. (c) Field profile of tapering region where 
fundamental mode of input waveguide is coupled to fundamental mode of photonic waveguide. 
 
Finally, the coupling loss of the tapering region was calculated. For the simulation of this coupling 
loss, FIMMPROP was used. The intensity profile of the fundamental mode of the input waveguide or 
output waveguide is shown in Figure 4-5(a). The filed profile of tapering region where the 
fundamental mode of the input waveguide is coupled to the fundamental mode of the photonic 
waveguide as shown in Figure 4-5(b) is shown in Figure 4-5(c). 
The calculated coupling loss of the tapering region Lt is 1.6 dB in case of TE mode and 0.96 dB in 
case of TM mode. 
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4.4 Coupling loss 
 
The intercept is obtained by fitting the measured insertion loss according to the length of 
waveguides. It becomes the total coupling loss Ltot. The total coupling loss Ltot can be separated into 
two coupling loss as following Eq. (3). 
 
Ltot = 2 × (Lc+Lt).   (3) 
 
The combination of the coupling loss Lc between the SCF and the input waveguide and the 
coupling loss Lt of the tapering region equals to the total coupling loss Ltot at one facet of waveguide. 
The measured total coupling loss of the fabricated waveguide is 15.4 dB. The calculated total 
coupling loss Ltot is 8.64 dB, and it is few different from the measured total coupling loss. We expect 
that the large total coupling loss almost comes from the tapering region. And the large coupling loss 
of the tapering region may be caused by the wet etching process. In the wet etching process, the 
tapering region of 100 µm length has not been changed gradually along the waveguide pattern 
because of different etch rate according to the direction of silicon crystal. 
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Chapter 5 
 
Future works 
 
In future, it needs to measure the propagation loss in the mid-IR. Therefore, we have a plan to 
cooperate with the research institute owning mid-IR source and detector. Also, it needs to characterize 
the diverse functional devices such as S-bend, Y-branch beam splitter and Mach-zehnder 
interferometer. Finally, chip-scale mid-IR chemical sensing, which detects the molecules using the 
bulk-silicon-based photonic waveguide will be performed [19]. 
 
 
Figure 4-6. SEM images of the fabricated functional devices. (a) S-bend waveguides. (b) Y-branch beam 
splitters. (c) Mach-zehnder interferometers. 
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Chapter 6 
 
Conclusion 
 
In conclusion, the bulk-silicon-based photonic waveguides operating in the wide mid-IR have been 
investigated. The photonic waveguide has a low transmission loss even at a wavelength longer than 
3.6 µm since it does not have SiO2 as a cladding material, which causes strong absorption in the mid-
IR. To optimize the photonic waveguides, the photonic waveguides have been designed and 
theoretically analyzed using the simulation software FIMMWAVE and FIMMPROP. Then, the 
photonic waveguides have been realized using the simple fabrication process and characterized. The 
propagation loss of the fabricated photonic waveguide is 4 dB/cm at a wavelength of 1550 nm. The 
measured total coupling loss is 15.4 dB, which is larger than the calculated coupling loss. A possible 
reason for the difference between the measured and calculated coupling losses is the sidewall 
roughness of the silicon core, which is attributed to the wet-etching process. This waveguide would be 
useful as a chemical sensor in the mid-IR, which can be realized with a low cost. 
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